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1. INTRODUCTION {#glia23606-sec-0001}
===============

Myelin is a unique structure of the nervous system and is often considered as the electrical insulator on nerve fibers. As a matter of fact, myelin sheath not only enables rapid impulse conduction but also plays fundamental roles in modulating information flow within neural circuits and providing metabolic support for axons (Funfschilling et al., [2012](#glia23606-bib-0020){ref-type="ref"}; Lappe‐Siefke et al., [2003](#glia23606-bib-0031){ref-type="ref"}; Morrison, Lee, & Rothstein, [2013](#glia23606-bib-0036){ref-type="ref"}; Nave & Werner, [2014](#glia23606-bib-0039){ref-type="ref"}; Saab, Tzvetanova, & Nave, [2013](#glia23606-bib-0044){ref-type="ref"}). In the central nervous system (CNS), the myelinating cells are known as oligodendrocytes (OLs), a specialized type of glial cells originating from the neural stem cells (Bergles & Richardson, [2015](#glia23606-bib-0006){ref-type="ref"}; Takebayashi & Ikenaka, [2015](#glia23606-bib-0047){ref-type="ref"}).

Developmentally, oligodendrocyte precursor cells (OPCs) give rise to immature (or premyelinating) and then mature (or myelinating) OLs that wrap neuronal axons and form myelin sheath (Emery, [2010](#glia23606-bib-0016){ref-type="ref"}; van Tilborg et al., [2018](#glia23606-bib-0049){ref-type="ref"}). OPCs specifically express platelet‐derived growth factor receptor (α‐subunit, PDGFRα) and chondroitin sulfate proteoglycan neuron‐glia antigen 2 (NG2) (Bergles & Richardson, [2015](#glia23606-bib-0006){ref-type="ref"}; Goldman & Kuypers, [2015](#glia23606-bib-0023){ref-type="ref"}), which are downregulated when OPCs go into differentiation. During the differentiation process, O4, O1, 2′,3′‐cyclic nucleotide‐3′‐phosphohydrolase (CNPase), myelin basic protein (MBP), proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG) are gradually expressed in an orderly manner (Barateiro & Fernandes, [2014](#glia23606-bib-0003){ref-type="ref"}; Craig et al., [2003](#glia23606-bib-0011){ref-type="ref"}; Scolding et al., [1989](#glia23606-bib-0045){ref-type="ref"}; Zhang, [2001](#glia23606-bib-0052){ref-type="ref"}).

Injury to OLs causes myelin loss, also termed demyelination. After acute demyelination, OPCs, as widely distributed and abundant in adult CNS, migrate to the lesion and differentiate into mature OLs which remyelinate the axons (Franklin, [2002](#glia23606-bib-0017){ref-type="ref"}; Franklin & Ffrench‐Constant, [2008](#glia23606-bib-0018){ref-type="ref"}; Gensert & Goldman, [1997](#glia23606-bib-0022){ref-type="ref"}). In demyelinating diseases such as multiple sclerosis, remyelination by adult OPCs is hindered principally due to a failure of OPCs to differentiate into mature OLs (Chang, Nishiyama, Peterson, Prineas, & Trapp, [2000](#glia23606-bib-0009){ref-type="ref"}; Keirstead, Levine, & Blakemore, [1998](#glia23606-bib-0030){ref-type="ref"}; Woodruff, Fruttiger, Richardson, & Franklin, [2004](#glia23606-bib-0050){ref-type="ref"}). Therefore, identification of pathways and small molecules that promote OPC differentiation, remyelination, and functional recovery has received much attention. Through image‐based screen, benztropine has been identified to enhance remyelination by direct antagonism of M1 and/or M3 muscarinic receptors (Deshmukh et al., [2013](#glia23606-bib-0013){ref-type="ref"}). Mei et al. ([2016](#glia23606-bib-0035){ref-type="ref"}) carried out a screen focusing on GPCR modulators and identified 12 kappa‐opioid receptor (KOR) agonists that enhance OPC to OL differentiation. Their study is consistent with Du et al.\'s finding that U50488 targeting KOR ameliorates symptoms of EAE by promoting remyelination rather than immune suppression (Du et al., [2016](#glia23606-bib-0015){ref-type="ref"}). Another screen of NIH Clinical Collection I and II libraries has also identified two drugs---miconazole and clobetasol---which are effective in promoting OL generation in vitro and remyelination in vivo (Najm et al., [2015](#glia23606-bib-0037){ref-type="ref"}). We also developed a high‐throughput screening assay based on the induction of MBP during OPC to OL differentiation, and vitamin C has been found to greatly promote OL differentiation, maturation, and remyelination (Guo, Suo, Cui, Yuan, & Xie, [2018](#glia23606-bib-0025){ref-type="ref"}).

Here we report the discovery that small molecule inhibitors of MAPK/ERK pathway, represented by PD0325901, significantly promote OPC to OL differentiation and myelin formation. In immune‐ and drug‐mediated demyelination animal models, PD0325901 also shows significant therapeutic effects.

2. MATERIALS AND METHODS {#glia23606-sec-0002}
========================

2.1. Reagents {#glia23606-sec-0003}
-------------

Laminin, poly‐ornithine, thyroid hormone (T3), paraformaldehyde (PFA), bis(cyclohexanone)oxaldihydrazone (Cuprizone), Hoechst 33342, poly‐[d]{.smallcaps}‐lysine, papain, [l]{.smallcaps}‐cysteine, insulin, transferrin, progesterone, putrescine, BSA, and 5‐fluoro‐2′‐deoxyuridine were purchased from Sigma‐Aldrich. Collagenase A was purchased from Roche. EGF, bFGF, and PDGF‐AA were purchased from Peprotech. PD0325901, CI‐1040, AZD8330, and AZD6244 were purchased from MedChemExpress, and U0126 was purchased from Tocris.

2.2. OPC differentiation {#glia23606-sec-0004}
------------------------

Neural progenitor cells (NPCs) were purified from the dissected cerebral cortex of E14.5 mouse embryos by suspension culture (Chen et al., [2007](#glia23606-bib-0010){ref-type="ref"}). NPCs were expanded as neurospheres in the NPC medium (DMEM/F12 (Gibco) supplemented with 20 ng/ml EGF, 20 ng/ml bFGF, 2% B27 (Invitrogen), 100 units/ml penicillin, and 100 μg/ml streptomycin). Neurospheres were passaged every 2 days and never allowed to reach confluence. Neurospheres from Passages 3--5 were used for the differentiation assay. To generate OPCs, neurospheres were dissociated into single cells with accutase (Millipore, SF006) and seeded onto poly‐ornithine (5 μg/ml) plus laminin (1 μg/ml)‐coated plates in OPC medium (DMEM/F12 supplemented with 10 ng/ml bFGF, 10 ng/ml PDGF‐AA, 2% B27, 100 units/ml penicillin, and 100 μg/ml streptomycin). Two days later, PDGF‐AA and bFGF were withdrawn to induce OPC differentiation (OL medium), and cells were stimulated with compounds or DMSO control for another 4--5 days.

2.3. High‐throughput screening and imaging {#glia23606-sec-0005}
------------------------------------------

For the primary screen, neurospheres were dissociated into single cells and seeded at a density of 8,000 cells per well onto poly‐ornithine (5 μg/ml) plus laminin (1 μg/ml)‐coated 96‐well plates in OPC medium for 2 days. Then OPCs were induced to differentiation into OLs as previously described. And various compounds at a concentration of 20 μM were added at the same time. Thyroid hormone T3 (100 nM) and DMSO (0.2%, v/v) were included in each assay plate as positive and vehicle controls. Four days later, cells were fixed with 4% paraformaldehyde (PFA) and stained with mouse anti‐rat MBP antibody (Covance, SMI‐94R, 1:500) and secondary antibody conjugated to Alexa Fluor 488 (Thermo Fisher, A‐11001, 1:1,000). Hoechst 33342 was used to identify cell nuclei. Eleven images per well (representing different locations in a single well) were captured and the nuclei and MBP‐positive cells were quantified using the Operetta high content analysis system (PerkinElmer).

2.4. Immunofluorescence staining {#glia23606-sec-0006}
--------------------------------

Cells were fixed with 4% PFA in phosphate‐buffered saline (PBS) for 15 min at room temperature and blocked in PBS containing 1% BSA and 0.3% Triton for 30 min at room temperature. Then cells were incubated with the relevant primary antibody at 4°C overnight and the appropriate fluorescence‐conjugated secondary antibody for 1 hr at room temperature. Nuclei were stained with Hoechst 33,342 (10 mg/ml). Antibodies used in this assay were as follows: anti‐MBP (Covance, SMI‐94R, 1:500), anti‐NF‐200 (Sigma, N4142, 1:1000), anti‐O4 (R&D Systems, MAB1326, 1:1200), and anti‐CNPase (Millipore, MAB326, 1:1200).

2.5. OPC--DRG neuron co‐culture {#glia23606-sec-0007}
-------------------------------

Dorsal root ganglions (DRGs) isolated from P5‐P10 C57BL/6 pups were incubated in Hank\'s balanced salt solution (HBSS) containing papain (3 U/ml) and [l]{.smallcaps}‐cysteine (0.36 mg/ml) for 10 min at 37°C. After removal of papain solution, DRGs were further incubated in HBSS containing collagenase A (100 U/ml) for 10 min at 37°C. After thorough washing, the dissociated DRG neurons were seeded at a density of 20,000 cells/well onto poly‐[d]{.smallcaps}‐lysine (80 μg/ml) and rat tail collagen (25 μg/ml) coated 48‐well plate and maintained in myelination medium (DMEM (Gibco), 2% B27, 1% Glutamax (Gibco), insulin (5 μg/ml), transferrin (50 μg/ml), 0.5% FBS, progesterone (0.2 μM), putrescine (100 μM), BSA (0.1 mg/ml), sodium selenite (5 ng/ml), 100 units/ml penicillin, and 100 μg/ml streptomycin) for 9 days, and 5‐fluoro‐2′‐deoxyuridine (10 μM) was added to remove contaminating glia cells for the first 7 days. After 9 days, 3 × 10^4^ OPCs freshly isolated from P0--P2 C57BL/6 pups cortices with anti‐AN2 microbeads (Miltenyi) were added per well to DRG neurons, and the co‐cultures were maintained for another 6 days in myelination medium. Drugs were added after the addition of OPCs. Cultures were fixed and stained with anti‐NFH (Sigma) and anti‐MBP (Covance) antibodies. Images (47 pictures/well) were taken and analyzed using the Operetta high content analysis system, and myelination was identified as neuritis double positive for MBP and NFH staining.

2.6. EAE model {#glia23606-sec-0008}
--------------

C57BL/6 mice (8--10 weeks) were immunized subcutaneously with 200 μg MOG~35--55~ (MOG, GL BioChem \[Shanghai\], 051716) emulsified in CFA (CFA, Sigma, F5506), which contains 0.5 mg *Mycobacterium tuberculosis* (MT, BD, BD‐231141) followed by intraperitoneal injection with *Bordetella pertussis* toxin (PTX, 200 ng per mouse, Millipore, 516561) on Days 0 and 2. For drug treatment, the mice receive daily intraperitoneal injection of PD (5 mg/kg) buffered in PBS with 1% DMSO or vehicle control (PBS with 1% DMSO) from Day 3 postimmunization. The disease severity was scored daily.

2.7. Cuprizone‐induced demyelination mouse model {#glia23606-sec-0009}
------------------------------------------------

Female C57BL/6 mice (9 weeks) were fed with 0.2% (w/w) cuprizone (Bisoxaldihydrazone, Sigma, C9012) mixed into a ground standard rodent chow. Cuprizone diet was maintained for 5 weeks; thereafter cuprizone‐infused food was removed and the animals were given a standard normal chow. PD was dissolved in saline with 1% DMSO and daily i.p. injections were initiated at the withdrawal of the cuprizone diet. At different time points (0, 1, and 2 weeks after cuprizone withdrawal), animals were anesthetized and perfused with PBS followed by 4% PFA. Brains were removed and fixed in 4% PFA overnight, and then sectioned and stained for histopathological analysis. All the mice were maintained in pathogen‐free conditions, and all experimental procedures were approved and conducted in accordance with international guidelines for the care and use of laboratory animals and were approved by the Animal Ethics Committee of Shanghai Institute of Materia Medica.

2.8. Histology and immunohistochemical analysis {#glia23606-sec-0010}
-----------------------------------------------

Paraffin‐embedded coronal sections of brains were stained with Luxol fast blue (LFB, Sigma, S3382) to assess remyelination. Images were taken and quantitative image analysis was performed using Image‐Pro Plus. Region of corpus callosum was initially marked using the "irregular AOI" tool, blue areas were then counted within the lesion using the "count and measure objects" tool. Percentage of the remyelination area was calculated by the ratio of the blue area and total corpus callosum area. For immunofluorescent analysis, frozen sections of brains and spinal cords were blocked and permeated with PBS containing 2.5% BSA and 0.3% Triton‐X 100 for 45 min at room temperature, then incubated with mouse anti‐MBP antibody (Covance, SMI‐94R, 1:500), mouse polyclonal anti‐MOG antibody (Millipore, AB5320, 1:500) and rabbit polyclonal anti‐GST‐pi antibody (Millipore, AB5320, 1:500), rabbit anti‐PDGFRα (Cell signaling, 3164S, 1:200), and rabbit anti‐NG2 (Millipore, AB5320, 1:200) at 4°C overnight. After thorough washing, the sections were stained with secondary antibody conjugated to Alexa Fluor 488 or Alexa Fluor 555 (Thermo Fisher, 1:1,000) for 1 hr at room temperature, and nuclei were stained with Hoechst 33342. Images were taken using an Olympus IX71 inverted fluorescent microscope, and quantitative image analysis was performed using Image‐Pro Plus.

2.9. Electron microscopy {#glia23606-sec-0011}
------------------------

Spinal cords and brains were isolated from 4% PFA perfused mice, and fixed in 4% PFA overnight. Demyelinated white matter of the spinal cords and corpus callosum of the brains were isolated and fixed in PBS buffered 2.5% glutaraldehyde for 2 hr at room temperature. Then the samples were washed, fixed in 1% osmium tetroxide, subsequently dehydrated in graded acetone series, and embedded in EPON. Thin sections of 70 nm were cut with a diamond knife and mounted on copper slot grids coated with Formvar and stained with uranyl acetate and lead citrate for examination on JEM‐1230 transmission electron microscope. *G*‐ratios were measured in Image‐Pro, and ∼200 remyelinated axons were measured for each group.

2.10. Reverse transcription and PCR {#glia23606-sec-0012}
-----------------------------------

Total RNA was extracted with Trizol (Invitrogen). One microgram of RNA was used to synthesize cDNA using the PrimeScript RT Reagent Kit (Takara Bio, RR037A) according to the manufacturer\'s protocol. Real‐time PCR was performed using the FastStart Universal Probe Master Mix (Bimake, B21702) and a Stratagene Mx3000P thermal cycler. Primer sequences are as follows: MBP, sense (5′‐TGACACCTCGAACACCACCTC‐3′) and antisense (5′‐CCTTGAATCCCTT‐ GTGAGCC‐3′); MAG, sense (5′‐GGTGTTGAGGGAGGCAGTTG‐3′) and antisense (5′‐CGTTCTCTGCTAGGCAAGCA‐3′); MOG, sense (5′‐AGCTGCTTCCTCTC‐ CCTTCTC‐3′) and antisense (5′‐ACTAAAGCCCGGATGGGATAC‐3′); CNP, sense (5′‐TCCACGAGTGCAAGACGCTATTCA‐3′) and antisense (5′‐TGTAAGCATC‐ AGCGGACACCATCT‐3′); PLP, sense (5′‐TGCTCGGCTGTACCTGTGTACAT‐ T‐3′) and antisense (5′‐TACATTCTGGCATCAGCGCAGAGA‐3′); GAPDH, sense (5′‐AGGTCGGTGTGAACGGATTTG‐3′) and antisense (5′‐TGTAGACCATGT‐ AGTTGAGGTCA‐3′).

2.11. Western blot {#glia23606-sec-0013}
------------------

OLs differentiated from NPC‐derived OPCs were lysed and boiled at 95--100°C for 10 min in sample buffer (50 mM Tris--HCl, 2% w/v SDS, 10% glycerol, 1% β‐mercaptoethanol, 0.01% bromophenyl blue \[pH 6.8\]). Total proteins of each sample were separated on 10%--15% SDS‐PAGE gels and transferred onto PVDF (polyvinylidene difluoride, Millipore) membranes. The membranes were first incubated with blocking buffer (TBS with 0.1% Tween 20, 10% nonfat milk) for 1 h at room temperature and then incubated with rabbit anti‐GAPDH (CST, 2118, 1:8000), rabbit anti‐ERK (CST, 9102, 1:1000), rabbit anti‐p‐ERK (CST, 4370, 1:1000), and rat anti‐MBP (Covance, SMI‐94R, 1:1000) overnight at 4°C. After thorough washing, the membranes were incubated with anti‐rabbit IgG HRP (CST, 1:8000) or anti‐rat IgG HRP (CST, 1:8000) for 1 hr at room temperature. After through washing, blots were visualized using Amersham ECL Plus Western Blotting detection reagents (GE Healthcare).

2.12. Statistical analysis {#glia23606-sec-0014}
--------------------------

Data were analyzed with GraphPad Prism software. For comparison between two groups, statistical evaluation was done by two‐tailed Student\'s *t* test. Two‐way analysis of variance test was used to assess the significance between treatment groups of EAE animals. For multiple comparisons, one‐way ANOVA test was used. For all statistical tests, the *p* values \<.05 were considered statistically significant. All error bars show standard error of the mean (SEM).

3. RESULTS {#glia23606-sec-0015}
==========

3.1. PD0325901 promotes the generation of MBP^+^ cells from NPC‐derived OPC in vitro {#glia23606-sec-0016}
------------------------------------------------------------------------------------

To identify drug‐like small molecules that can induce OPC differentiation, we developed a high‐content imaging assay based on MBP expression (Guo et al., [2018](#glia23606-bib-0025){ref-type="ref"}). Briefly, cortical NPCs from mouse E14.5 embryos were expended in vitro as neurospheres. NPCs were then differentiated into OPCs with typical bipolar or tripolar morphology. Then the OPCs were further differentiated into MBP^+^ mature OLs by culturing in OL medium for 4 days. Various compounds at 20 μM were added during OPC to OL differentiation (Day 0, Figure [1](#glia23606-fig-0001){ref-type="fig"}a), and the percent of MBP^+^ cells at Day 4 were used as readout. Seven thousand three hundred and forty‐seven compounds from the Chinese National Compound Library were screened and a number of compounds, including vitamin C, were found to enhance the generation of MBP^+^ cells (Guo et al., [2018](#glia23606-bib-0025){ref-type="ref"}).

![PD0325901 promotes OPC to OL differentiation. (a) Procedures of OL differentiation from neurospheres generated from cortical NPCs of mouse E14.5 embryos: neurosphere formation (NPC medium), OPC differentiation (OPC medium), and OL differentiation and maturation (OL medium). (b) Dose‐dependent effect of PD0325901 in inducing OPC differentiation into mature OLs. OPCs were treated with PD0325901 for 4 days. \*\*\**p* \< .001 (one‐way ANOVA followed by Dunnett\'s multiple comparison test). (c) Time‐dependent effect of PD0325901 (10 μM) in inducing OPC to OL differentiation. \*\**p* \< .01, \*\*\**p* \< .001 (one‐way ANOVA followed by Dunnett\'s multiple comparison test). (d) Real‐time q‐PCR analysis of myelin‐associated genes in OLs differentiated from NPC‐derived OPCs in the presence of PD0325901 (10 μM) or not for 4 days. Results were normalized to GAPDH in the same sample and then normalized to the DMSO group. \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001 (Student\'s *t* test). (e) Mouse NPC‐derived OPCs were differentiated in the presence of PD0325901 (10 μM), T3 (500 nM), or the combination of both for 4 days. OLs were stained with antibody against MBP (green). Nuclei were stained with Hoechst (blue). Scale bars, 100 μm. (f) Statistical analysis of the MBP^+^ cells in (e). Data are representative of three independent experiments, means ± SEM (*n* = 4). \*\*\**p* \< .001 (one‐way ANOVA followed by Dunnett\'s multiple comparison test). (g) Typical morphology of large (\>4,000 μm^2^, white arrow and circle), medium (2,000--4,000 μm^2^, red arrow and circle), and small (600--2,000 μm^2^, yellow arrow and circle) size OLs. Cells were stained with antibody against MBP (green). Nuclei were stained with Hoechst (blue). Scale bars, top panels, 100 μm; bottom panels, 50 μm. (h) Statistical analysis of the MBP^+^ cells in (g) \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-67-1320-g001){#glia23606-fig-0001}

Among these compounds, an MEK inhibitor, PD0325901, was found to dose‐dependently increase the percentage of MBP^+^ cells (EC~50~ ∼ 100 nM) (Figure [1](#glia23606-fig-0001){ref-type="fig"}b). We decided to investigate this compound further because it is an orally available compound that readily crosses the blood--brain barrier (Lopez‐Juarez et al., [2017](#glia23606-bib-0032){ref-type="ref"}). The time‐dependent effect of PD0325901 was also studied by adding 10 μM of the compound into the OL medium for various durations (Figure [1](#glia23606-fig-0001){ref-type="fig"}c). The results indicate that the early addition of PD0325901 was important. Treatment with PD0325901 for only one day at the starting stage resulted in significant increase in MBP^+^ cells (Figure [1](#glia23606-fig-0001){ref-type="fig"}c). In contrast, PD0325901 treatment after Day 2 had very limited effect (Figure [1](#glia23606-fig-0001){ref-type="fig"}c). QPCR analysis also demonstrated that a number of OL markers, including MBP, myelin associated glycoprotein (MAG), myelin oligodendroglial glycoprotein (MOG), 2′,3′‐cyclic nucleotide 3′‐phosphodiesterase (CNPase), and PLP, were significantly increased in PD0325901‐treated group (Figure [1](#glia23606-fig-0001){ref-type="fig"}d). In PD0325901 (10 μM)‐treated OPCs, more than 20% of the cells became MBP^+^ at Day 4 (Figure [1](#glia23606-fig-0001){ref-type="fig"}e,f). The induction efficiency was even slightly higher than the known OL inducer T3 (500 nM) (Figure [1](#glia23606-fig-0001){ref-type="fig"}e,f). More interestingly, PD0325901 and T3 showed an additive effect in inducing MBP^+^ cells, suggesting that these two compounds might act through different mechanisms (Figure [1](#glia23606-fig-0001){ref-type="fig"}e,f).

Mature OLs typically possess complicated membrane processes and are larger in size than the immature OLs. We carefully categorized the MBP^+^‐OLs into three groups by cell area: small (600--2,000 μm^2^, yellow arrow and circle), medium (2,000--4,000 μm^2^, red arrow and circle) and large (\>4,000 μm^2^, white arrow and circle) size OLs (Figure [1](#glia23606-fig-0001){ref-type="fig"}g). PD0325901 enhanced the generation of small, medium, and large size OLs to a similar extent (Figure [1](#glia23606-fig-0001){ref-type="fig"}h).

To further confirm the effect of PD0325901 on OL generation, gradual expression of multiple markers representing various differentiation stages of OLs were studied. At early stage of differentiation, OPCs give rise to pre‐OLs that express O4 (Barateiro & Fernandes, [2014](#glia23606-bib-0003){ref-type="ref"}; Zhang, [2001](#glia23606-bib-0052){ref-type="ref"}). PD0325901 treatment significantly increased O4^+^ cell numbers from Day 1 (Figure [2](#glia23606-fig-0002){ref-type="fig"}a,b). CNPase, expressed slightly later than O4 during OL maturation (Barateiro & Fernandes, [2014](#glia23606-bib-0003){ref-type="ref"}; Zhang, [2001](#glia23606-bib-0052){ref-type="ref"}), could be detected as early as day 2 in PD0325901‐treated cells (Figure [2](#glia23606-fig-0002){ref-type="fig"}c,d). While in DMSO‐treated cells, the expression of CNPase was delayed for at least one day and CNPase^+^ cells with clear membrane processes could only be observed after Day 4 (Figure [2](#glia23606-fig-0002){ref-type="fig"}c,d). And the expression of MBP, a marker of mature OLs, could be detected from Day 3 in PD0325901‐treated cells, one day earlier than the DMSO control. The percentages of O4^+^MBP^+^ OLs were also significantly higher in PD0325901‐treated cells compared with DMSO control at all three time points analyzed (Figure [2](#glia23606-fig-0002){ref-type="fig"}a,e). Combining the data from Figure [1](#glia23606-fig-0001){ref-type="fig"}c, these results indicate that PD0325901 exerts its effect at early stage of OL differentiation. PD0325901 promotes the OPC to OL fate determination, and once more immature OLs are generated, more mature OLs will be obtained.

![PD0325901 promotes gradual expression of OL lineage markers. (a,c) NPC‐derived OPCs were differentiated in the presence of PD (10 μM) or vehicle (DMSO) for 1--5 days. The expression of O4 (a), CNPase (c), and MBP (a) were detected by immunofluorescence staining. Scale bars, 100 μm. (b,d,e) Statistical analysis of O4^+^ (b), CNPase^+^ (d), and O4^+^MBP^+^ (e) cells in (a,c). Data are means ± SEM (*n* = 3), \*\**p* \< .01, \*\*\**p* \< .001 versus DMSO control at the same date (one‐way ANOVA followed by Tukey\'s multiple comparison test) \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-67-1320-g002){#glia23606-fig-0002}

3.2. Inhibition of ERK/MAPK pathway promotes OL generation {#glia23606-sec-0017}
----------------------------------------------------------

PD0325901 is a well‐known second generation analog of CI‐1040, the first MEK (an MAPK kinase) inhibitor to enter clinical evaluation (Sebolt‐Leopold et al., [2004](#glia23606-bib-0046){ref-type="ref"}). Therefore, a panel of reported MEK inhibitors, including AZD8330, AZD6244, U0126, and CI‐1040 (Akinleye, Furqan, Mukhi, Ravella, & Liu, [2013](#glia23606-bib-0001){ref-type="ref"}; Planz, [2013](#glia23606-bib-0043){ref-type="ref"}), were also evaluated in OPC to OL differentiation assay. As demonstrated in Figure [3](#glia23606-fig-0003){ref-type="fig"}a,b, all inhibitors could induce OPC to OL differentiation in a dose‐dependent manner with various efficacies. The best effect of AZD8330 was comparable to PD0325901, ∼25% of the cells became MBP^+^ when treated with these compounds. Other compounds (AZD6244, U0126, and CI‐1040) could only induce the appearance of 10%--15% MBP^+^ cells at the most effective doses (Figure [3](#glia23606-fig-0003){ref-type="fig"}a,b). Treatment of OPCs with these compounds (at the most effective dose in inducing OPC to OL differentiation) for 15 min almost completely inhibited the phosphorylation of ERK1/2 (Figure [3](#glia23606-fig-0003){ref-type="fig"}c). Interestingly, when compound treatment lasted for 4 days (medium containing compounds was refreshed once at Day 3), only PD0325901 and AZD8330 showed complete inhibition of ERK1/2 phosphorylation, which correlated well with high levels of MBP detected in the same group (Figure [3](#glia23606-fig-0003){ref-type="fig"}d). These results indicate that inhibiting MAPK/ERK pathway promotes OL generation, and the duration of MAPK/ERK inhibition might be critical in enhancing the differentiation process.

![Inhibition of ERK/MAPK pathway promotes OL differentiation. (a) Dose‐dependent effects of four MEK inhibitors, AZD8330, AZD6244, U0126, and CI‐1040, in inducing OPC differentiation into mature OLs. Mouse NPC‐derived OPCs were treated with various compounds for 4 days. Cells were stained with antibody against MBP (green). Nuclei were stained with Hoechst (blue). Data are representative of three independent experiments, means ± SEM (*n* = 4). \*\*\**p* \< .001 (one‐way ANOVA followed by Dunnett\'s multiple comparison test). (b) Representative images of OLs induced by compounds at their most effective concentration (PD0325901, AZD8330, AZD6244, and U0126 at 10 μM; CI‐1040 at 1 μM). Scale bars, 100 μm. (c,d) OPCs were treated with PD0325901 (10 μM), AZD8330 (10 μM), AZD6244 (10 μM), U0126 (10 μM), or CI‐1040 (1 μM) for 15 min (c) or 4 days (d). Cells were harvested for western blot analysis \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-67-1320-g003){#glia23606-fig-0003}

3.3. PD0325901 enhances myelination in OPC--DRG neuron co‐culture in vitro {#glia23606-sec-0018}
--------------------------------------------------------------------------

PD0325901\'s effect in promoting OPC to OL differentiation was further studied in primary OPCs. PD0325901 was found to dose dependently increase the percentage of MBP^+^‐OLs generated from the primary OPCs (Figure [4](#glia23606-fig-0004){ref-type="fig"}a,b). Then we set up an in vitro myelination system by co‐culturing primary OPCs with DRG neurons (O\'Meara, Ryan, Holly, & Rashmi, [2011](#glia23606-bib-0041){ref-type="ref"}) to evaluate the effect of PD0325901 on myelin formation. Myelinated axons were quantified as co‐localization of MBP^+^ OL process and NFH^+^ (also called NF‐200, 200 kD neurofilament) axons (Huang et al., [2011](#glia23606-bib-0027){ref-type="ref"}). Compared to DMSO control, PD0325901 induced a concentration‐dependent increase in the length of MBP^+^NHF^+^ myelinated axon in the co‐culture (Figure [4](#glia23606-fig-0004){ref-type="fig"}c,d). These results indicate that decreased ERK/MAPK signaling not only promotes the generation of mature OLs from primary OPCs but also enhances myelin formation in vitro.

![PD0325901 enhances myelination in vitro. (a,b) Effect of PD0325901 in inducing differentiation of mouse primary NG2^+^ OPCs. Mouse primary NG2^+^ OPCs were induced to differentiation in the presence of DMSO or PD0325901 for 4 days. Cells were stained for MBP (green) and nuclei (Hoechst, blue). Scale bars, 100 μm. Representative images (a, PD0325901 at 10 μM) and statistical analysis (b) of the MBP^+^ cells. Data are representative of three independent experiments, means ± SEM (*n* = 3). \*\*\**p* \< .001 versus DMSO control (one‐way ANOVA followed by Dunnett\'s multiple comparison test). (c,d) Effect of PD on myelin formation in vitro. Primary OPCs were co‐cultured with DRG--neurons in the presence of vehicle or PD0325901 for 6 days. Cells were fixed and immunostained for NFH (neurofilament, green) and MBP (OLs, red). Arrows indicate myelinated axons (double positive for NFH and MBP). Scale bars, 100 μm. Representative images (c, PD0325901 at 10 μM) and statistical analysis (d) of myelinated axons in OPC--DRG neuron co‐cultures. Data are representative of three independent experiments, means ± SEM (*n* = 4). \*\**p* \< .01 versus DMSO control (one‐way ANOVA followed by Dunnett\'s multiple comparison test) \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-67-1320-g004){#glia23606-fig-0004}

3.4. PD0325901 promotes remyelination in EAE mice {#glia23606-sec-0019}
-------------------------------------------------

MS and EAE are characterized by autoimmune‐mediated demyelination and neurodegeneration. We next examined the effect of PD0325901 in the MOG‐induced EAE model. PD0325901 (5 mg/kg) was administered prophylactically by a daily intraperitoneal (i.p.) injection from Day 3 postimmunization and was found to significantly reduce the disease scores compared to the vehicle control (Figure [5](#glia23606-fig-0005){ref-type="fig"}a). In parallel experiment, spinal cords from PD0325901‐ or vehicle‐treated mice were isolated at Day 21 postimmunization. OLs and OPCs in the spinal cord lesions were assessed by immunostaining with antibodies that recognize markers of mature OLs (MBP and GST‐pi) and OPCs (NG2) (Figure [5](#glia23606-fig-0005){ref-type="fig"}b‐d). Severe demyelination occurred in the spinal cord of EAE mice as some areas in the white matter lost MBP staining (Figure [5](#glia23606-fig-0005){ref-type="fig"}b,e) and the number of GST‐pi^+^ cells was also reduced significantly (Figure [5](#glia23606-fig-0005){ref-type="fig"}c,f). And in the demyelinated spinal cord, a substantial number of NG2^+^ OPCs were observed in the white matter region (Figure [5](#glia23606-fig-0005){ref-type="fig"}d,g). In PD0325901‐treated mice, demyelination was significantly mitigated with increased number of GST‐pi^+^ mature OLs, and reduced number of NG2^+^ OPCs (Figure [5](#glia23606-fig-0005){ref-type="fig"}b--g). Furthermore, g‐ratios (axonal diameter to total myelinated fiber diameter) of remyelinated spinal cord axons were analyzed by transmission electron microscopy. Demyelination was evidenced by increased g‐ratio in EAE mice compared to naive ones (Figure [5](#glia23606-fig-0005){ref-type="fig"}h--j). PD0325901 treatment significantly reduced g‐ratios in EAE mice, indicating a better recovery (Figure [5](#glia23606-fig-0005){ref-type="fig"}h--j). These observations suggest that inhibition of MAPK/ERK signaling may promote remyelination in EAE mice by enhancing OPC to OL differentiation.

![PD0325901 promotes remyelination in MOG‐induced EAE model. (a) Clinical scores of C57BL/6 EAE mice treated with PD0325901 (5 mg/kg) or vehicle once daily via intraperitoneal injection from Day 3 postimmunization till the end of the study. Data are means ± SEM (*n* = 8). \*\*\**p* \< .001 (two‐way ANOVA). (b--d) Representative images of immunostaining of OL markers (MBP and GSI‐pi) and OPC marker (NG2) in the spinal cords isolated on Day 21 postimmunization from EAE mice treated with PD0325901 (5 mg/kg) or vehicle. Scale bars, 100 μm. (e--g) Quantification of demyelination area (MBP^−^ area in b) in white matter (e), GST‐pi^+^ cells (f), and NG2 intensity (g). Five animals from each group were sacrificed and four sections of the spinal cord of each animal were analyzed. Data are means ± SEM. \*\*\**p* \< .001 versus Naive group, ^\#^ *p* \< .05, ^\#\#^ *p* \< .01, versus vehicle group (one‐way ANOVA followed by Tukey\'s multiple comparison test). (h) Representative electron microscopy images of spinal cords isolated on Day 21 postimmunization from EAE mice treated with PD0325901 (5 mg/kg) or vehicle. Scale bars, top panels, 2 μm; bottom panels, 0.5 μm. (i) *g*‐ratios of spinal cord axons in (h). Data are means ± SEM. (*n* = 200), \*\*\**p* \< .001 versus Naive group, ^\#\#\#^ *p* \< .001 versus vehicle group (one‐way ANOVA followed by Tukey\'s multiple comparison test). (j) The scatter plot displaying the individual *g*‐ratio values and axonal size distribution \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-67-1320-g005){#glia23606-fig-0005}

However, whether PD0325901 affects the immune part of the EAE model remains elusive. The pathogenic cells in EAE are mainly CD4^+^ T cells, especially the Th17 and Th1 subgroups. A previous study has reported that blockade of ERK attenuates EAE by inhibiting the induction of Th1 and Th17 cells (Brereton, Sutton, Lalor, Lavelle, & Mills, [2009](#glia23606-bib-0007){ref-type="ref"}). Other studies have demonstrated that blockade of ERK promotes Th17 differentiation (Cui et al., [2009](#glia23606-bib-0012){ref-type="ref"}; Tan & Lam, [2010](#glia23606-bib-0048){ref-type="ref"}) without affecting the Th1 subset (Cui et al., [2009](#glia23606-bib-0012){ref-type="ref"}). And inhibition of ERK does not significantly affect Th17 production has also been reported (Lu et al., [2010](#glia23606-bib-0033){ref-type="ref"}). The conclusion from previous studies has been controversial.

To further confirm the ability of PD0325901 in enhancing remyelination in vivo, we conducted the T‐cell‐independent cuprizone‐induced demyelination model (Doan et al., [2013](#glia23606-bib-0014){ref-type="ref"}; Matsushima & Morell, [2001](#glia23606-bib-0034){ref-type="ref"}).

3.5. PD0325901 promotes myelin recovery in drug‐induced demyelination model {#glia23606-sec-0020}
---------------------------------------------------------------------------

Mice were fed with a diet containing 0.2% (w/w) cuprizone for 5 weeks to induce complete demyelination (Figure [6](#glia23606-fig-0006){ref-type="fig"}a--c). Upon cuprizone withdrawal, vehicle or PD0325901 (10 mg/kg) was administrated by daily i.p. injection for 1 or 2 weeks (Figure [6](#glia23606-fig-0006){ref-type="fig"}a). Mice were euthanized and myelination at the corpus callosum was evaluated by Luxol fast blue staining (Berghoff et al., [2017](#glia23606-bib-0005){ref-type="ref"}; Deshmukh et al., [2013](#glia23606-bib-0013){ref-type="ref"}). Spontaneous remyelination could be observed in the vehicle‐treated group, and PD0325901 treatment further accelerated the remyelination process (Figure [6](#glia23606-fig-0006){ref-type="fig"}b,c). The effect of PD0325901 was further assessed by immunofluorescent staining of myelin proteins MBP and MOG, and mature OL marker GST‐pi in the corpus callosum region after 2‐week treatment with PD0325901. Consistent with Luxol fast blue staining, PD0325901 treatment significantly increased the staining of MBP and MOG, and the number of GST‐pi^+^ OLs (Figure [6](#glia23606-fig-0006){ref-type="fig"}d--f). Moreover, less PDGFRα^+^ OPCs were detected in PD0325901‐treated group (Figure [6](#glia23606-fig-0006){ref-type="fig"}d,f), suggesting that PD0325901 promotes in vivo remyelination by enhancing OPC differentiation.

![PD0325901 promotes remyelination in cuprizone‐induced demyelination model. (a) A schematic drawing of the cuprizone induced demyelination/remyelination mice model. Demyelination was induced in C57BL/6 mice by feeding with a diet containing 0.2% cuprizone for 5 weeks. Following cuprizone withdrawal, mice were treated with vehicle or PD0325901 (10 mg/kg) for 1 or 2 weeks. (b) Representative images of the corpus callosum region stained with Luxol fast blue after cuprizone and PD0325901 treatment. Scale bars, 100 μm. (c) Quantification of the myelinated areas in (b). Data are means ± SEM. Eight mice per group, five sections of the corpus callosum region from each mouse were analyzed. ^\#\#\#^ *p* \< .001 versus cuprizone group, \**p* \< .05, versus vehicle group (one‐way ANOVA followed by Bonferroni\'s multiple comparison test). (d) Representative images of sections from the corpus callosum region of the brains isolated from PD0325901‐ or vehicle‐treated mice (5 + 2 weeks) immunostained for MBP, MOG, GST‐pi, and PDGFRα. Scale bars, 100 μm. (e) Quantification of the fluorescent intensity of MBP, MOG in corpus callosum as presented in (d). Data are means ± SEM (five mice per group, five sections from each mouse were analyzed). \**p* \< .05, versus vehicle group (Student\'s *t* test). (f) Quantification of the number of GST‐pi^+^, PDGFRα^+^ cells in corpus callosum as presented in (d). Data are means ± SEM (three mice per group; six sections from each mouse were analyzed). \**p* \< .05, \*\**p* \< .01 versus vehicle group (Student\'s *t* test). (g,h) Representative electron microscopy images of the corpus callosum region isolated from cuprizone‐fed mice treated with PD0325901 (10 mg/kg) or vehicle for 2 weeks (5 + 2 weeks). Scale bars in (g), 2 μm. Scale bars in (h), 0.5 μm. (i) Quantification of the myelinated axons from (g). Data are means ± SEM (three mice per group, five sections from each mouse were analyzed). ^\#\#\#^ *p* \< .001 versus cuprizone group, \*\**p* \< .01 versus vehicle group (one‐way ANOVA followed by Tukey\'s multiple comparison test). (j) Quantification of the *g*‐ratios of the remyelinated axons in (g). Data are means ± SEM (*n* = 300, \~100 myelinated axons counted per mouse, three mice per group. As demyelination was thorough, only 48 myelinated axons were counted in Cuprizone \[5 weeks\] group), ^\#\#\#^ *p* \< .001 versus cuprizone group, \*\*\**p* \< .001 versus vehicle group (one‐way ANOVA followed by Tukey\'s multiple comparison test). (k) The scatter plot displaying the individual *g*‐ratio values and axonal size distribution \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](GLIA-67-1320-g006){#glia23606-fig-0006}

The myelin status was further evaluated by transmission electron microscopy. After 5 weeks of cuprizone treatment, very few axons in corpus callosum remained myelinated (Figure [6](#glia23606-fig-0006){ref-type="fig"}g--i). Two weeks after cuprizone withdrawn, spontaneous remyelination could be observed as the number of myelinated axons was significantly increased (Figure [6](#glia23606-fig-0006){ref-type="fig"}g--i). The PD0325901‐treated animals had more myelinated axons (Figure [6](#glia23606-fig-0006){ref-type="fig"}g--i) and lower g‐ratio (Figure [6](#glia23606-fig-0006){ref-type="fig"}j,k), indicating an even better recovery than the control group.

4. DISCUSSION {#glia23606-sec-0021}
=============

ERK is a key component of the RAS/RAF/MEK/ERK signaling pathway that regulates cell survival, cell cycle entry, proliferation, and differentiation. Here, we demonstrated that reduction of ERK1/2 activity in NPC‐derived OPCs, as well as primary OPCs, is sufficient to promote OLs differentiation and myelin formation both in vitro and in vivo. Thus, our study reveals a negative role of ERK1/2 signaling in OPC differentiation and remyelination.

It has been suggested that increased levels of ERK1/2 activity have detrimental effects on Schwann cells in the peripheral nervous system. Schwann cells are regenerative. A myelinating Schwann cell can regain the potential to proliferate in response to nerve injury. The dedifferentiated Schwann cells then redifferentiate during the repair process. in vitro studies have shown that activation of ERK1/2 signaling prevents the proliferating Schwann cells to differentiate in response to cAMP, induces dedifferentiation and downregulation of myelin proteins in myelinating Schwann cells, and induces demyelination in Schwann cell‐DRG co‐cultures (Harrisingh et al., [2004](#glia23606-bib-0026){ref-type="ref"}; Ogata et al., [2004](#glia23606-bib-0042){ref-type="ref"}). Furthermore, sustained elevation of ERK1/2 activity in myelinating Schwann cells of the adult peripheral nerves leads to dedifferentiation and demyelination, and pharmacologically inhibition of ERK signaling delays such detrimental effects (Napoli et al., [2012](#glia23606-bib-0038){ref-type="ref"}).

However, the role of ERK1/2 signaling in OLs in the CNS is more complicated and conflict results have been reported. A number of studies demonstrated increased levels of ERK1/2 activity also have detrimental effects in OLs, similar to Schwann cells. High dose of glial growth factor, an isoform of neuregulin1, or basic fibroblast growth factor (bFGF), induces strong ERK1/2 activation in mature OLs in vitro, which is concomitant with phenotypic reversion of OLs, downregulation of myelin proteins and aberrant cell cycle re‐entry (Bansal & Pfeiffer, [1997](#glia23606-bib-0002){ref-type="ref"}; Canoll, Kraemer, Teng, Marchionni, & Salzer, [1999](#glia23606-bib-0008){ref-type="ref"}; Fressinaud, Vallat, & Labourdette, [1995](#glia23606-bib-0019){ref-type="ref"}). Other studies have reported that pharmacological inhibition of ERK1/2 signaling negatively regulates transition of early progenitors to the late progenitor stage, but does not affect the maturation of OLs (Baron, Metz, Bansal, Hoekstra, & de Vries, [2000](#glia23606-bib-0004){ref-type="ref"}; Guardiola‐Diaz, Ishii, & Bansal, [2012](#glia23606-bib-0024){ref-type="ref"}). One study has claimed that ERK1/2 signaling promotes OL myelination in vitro (Xiao et al., [2012](#glia23606-bib-0051){ref-type="ref"}). However, none of these studies has carefully evaluated the dose effect of MEK inhibitors on OPC to OL differentiation. Our study shows that inhibition of ERK1/2 signaling dramatically promotes OPC differentiation and OL maturation. One possible explanation for the difference between our study and those three studies might be the use of different stage of OPCs as starting cells. Those previous studies used either partial or totally O4^+^ progenitors, or even later stage GalC^+^ progenitors. In contrast, NPC‐derived NG2^+^O4^−^ OPCs were used as starting cells in our study. It is possible that the OPCs at NG2^+^O4^−^ stage are more proliferative, when these cells exit cell cycle and undergo differentiation, the reduction of ERK1/2 signaling may promote this process.

Several in vivo studies have shown that genetic loss‐ or gain‐of‐function of ERK1/2 in OL‐lineage cells or Schwann cells lead to dramatic changes in myelin sheath thickness (Ishii, Furusho, & Bansal, [2013](#glia23606-bib-0028){ref-type="ref"}; Ishii, Fyffe‐Maricich, Furusho, Miller, & Bansal, [2012](#glia23606-bib-0029){ref-type="ref"}; Newbern et al., [2011](#glia23606-bib-0040){ref-type="ref"}). Conditional deletion of ERK2 in CNP^+^ cells on an ERK1 null background leads to reduction of myelin sheath thickness without affecting OPC proliferation and differentiation, as mutants fail to upregulate the major myelin genes during active myelination (Ishii et al., [2012](#glia23606-bib-0029){ref-type="ref"}). Likewise, sustained activation of ERK1/2 via the expression of constitutive active MEK1 using the CNP‐Cre driver significantly increases myelin sheath thickness during development, which is independent of OPC to OL differentiation or initiation of myelination (Ishii et al., [2013](#glia23606-bib-0028){ref-type="ref"}). In the same study, increased activity of ERK1/2 in Olig1^+^ cells results in transient hyperproliferation and overproduction of OPCs, but the number of myelinating OLs remains unchanged, and loss of ERK1/2 function in Olig1^+^ cells reduces OPC proliferation and number, but does not directly reduce their capacity to differentiate into OLs (Ishii et al., [2013](#glia23606-bib-0028){ref-type="ref"}).

Interestingly, deletion of ERK2 in Olig2^+^ cells on an ERK1 null background leads to reduced proliferation of PDGFRα^+^ OPCs, and a more ramified, complex morphology of S100β^+^ OLs, suggesting that loss of ERK1/2 triggers premature differentiation which is also evidenced by a clear increase in MBP labeling in vivo (Newbern et al., [2011](#glia23606-bib-0040){ref-type="ref"}). The early lethality of Erk1/2^CKO(Olig2)^ mice limited the analysis to only the initial stages of myelination. But these results imply a negative role of ERK1/2 signaling on OL differentiation and myelination, conflicted with previous studies mentioned above and supported our findings.

Most of these genetic manipulations are not time‐dependent, which may complicate things further. There is a study that evaluated the role of ERK1/2 signaling in remyelination using the mice expressing constitutively active MEK1 under the control of CNP‐Cre driver (Fyffe‐Maricich, Schott, Karl, Krasno, & Miller, [2013](#glia23606-bib-0021){ref-type="ref"}). In mutant mice, thicker myelin sheath in remyelinated axons was observed. But a question was also raised that the demylination extent may differ in WT and mutant mice as upregulated ERK1/2 signaling in mutant mice sustains a whole lifetime. Our study specifically modulated ERK1/2 signaling in the remyelination process by compound treatment without affecting the demyelination process, which clearly demonstrated that pharmacological inhibition of ERK1/2 signaling can enhance remyelination through promoting OL differentiation. A time‐dependent gene manipulation strategy might provide detailed information about the role of ERK1/2 in OL differentiation and myelin development and repair.

Use of small‐molecule inhibitors might provide more time‐specific manipulation of the pathway. Our in vitro study demonstrated that inhibition of ERK1/2 signaling with chemicals promotes the progression of NG2^+^O4^−^ early progenitors to mature OLs. And either shortened treatment duration or delayed intervention time point attenuates differentiation efficiency, which may explain the different conclusions drawn from different studies. Our in vivo study specifically modulated ERK1/2 signaling in the remyelination process by compound treatment without affecting the demyelination process, which clearly demonstrated that pharmacological inhibition of ERK1/2 signaling enhances remyelination through promoting OPC to OL differentiation.
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